INTRODUCTION YSTEMS FOR COMMUNICATION over power lines are referred to as Power Line Communication (PLC).
Nowadays, power lines are considered as an alternative transmission channel mainly due to economic advantages.
The main use of the PLC technology these days can be divided into two categories:
• Broadband PLC is a suitable communication channel inside buildings (indoor power line) for Smart Grid networks [1] and Smart Home [2] .
• Narrowband PLC seems an appropriate communication channel for remote data acquisition, automatic meter readings (AMR systems [3] ) or remote fault localization and fault type recognition [4] , [5] . These arguments are supported by an increasing interest in exploring this alternative communication channel [6] - [8] .
Recently, it has been shown that PLC systems can be used to provide high-speed data rates by using a bandwidth of up to 100 MHz as defined in the G.hn standard [9] .
On the other hand, there are still several problematic areas in data transmission over power lines. The power line channels differ considerably in topology, structure and physical properties from conventional media such as twisted pair or coaxial cables [10] . The topology of the network, the length of lines, and appliances connected to the terminal nodes can be determined at random. Randomizing these parameters allows studying the channel sensitivity to physical characteristic of the network.
Power line channel is a very harsh and noisy transmission medium [11] . The power line channel is frequency-selective, time-varying, and is impaired by noise. Therefore, it is very difficult to model [12] .
Modelling the power line can be aided by analysing the multipath nature of the power grid, arising from the presence of several branches and impedance mismatches.
The key to the Smart Grid vision is the communications network, which serves as the fundamental information infrastructure to provide bidirectional communication in the Smart Grid. Existing communication technologies can be applied to the Smart Grid, new communication protocol and enhancement of the existing protocol are necessary to capture the unique characteristic and requirement of Smart Grid. Sufficiently precise computer models of PLC systems will make the process of selecting and deploying new telemetry and management technologies for Smart Grids markedly more effective [13] - [15] .
POWER LINE MODELLING FUNDAMENTALS
The most widely used model for the power line channel transfer function is the multipath model proposed in [16] , [17] , and [18] . This model proposed a top-down approach (statistical models), various parameters need to be determined through measurement. Statistical models do not require knowledge of either the link topology or the cable models, but they require an extensive measurement campaign.
An alternative model [19] - [20] , based on transmission line theory, applies chain parameter matrices to describe by twoport network the relation between input and output voltage and current. This bottom-up model (deterministic models) is based on the knowledge of network topology and the cables' characteristic. Deterministic models require a detailed knowledge of the link topology and the cable models, but they do not require measurements.
It has been recently proposed that combining these two approaches to give rise to a hybrid model may indeed offer advantages [21] . In a hybrid model, a set of topologies must be defined and can be considered as a representative of the majority of topologies that can be found in real power line network. A specific scenario of topologies can be generated randomly or is based on a statistically relevant transfer function. Therefore, this article focuses on a hybrid model based on input measured transmission line parameters, set of topologies, and random generation of topology parameters.
MODELS FOR INDOOR POWER LINE CHANNELS
Indoor power line channel characteristic exhibits variation with time at various levels:
• There exists a long-time variation due to the switching of electrical appliances, which is related to human activity and, therefore, at random. • There appears a short-time variation as a result of the dependence on the mains voltage. Based on these arguments, different timescales must be considered for modelling [21] , [22] :
Random scale: This scale is related to the connection and disconnection of electric appliances. The change is random in time; it has no regular discretization in time, since the change is associated with the human activity in homes. It represents long-time variation and thus, for modelling the PLC a linear periodically time-variant system (LPTV) must be considered.
Periodic scale: This scale exhibits periodical variation synchronized with the cycle of the mains voltage. The channel is modelled as an LPTV system. The time unit is the mains period, T = 20 ms (50 Hz). The mains period can be divided into a series of shorter invariance intervals.
Invariant scale:
At this level, the channel parameters are considered to be invariant. The linear time-invariant system (LTI) is adequate for modelling. The time interval can be selected according to the channel coherence time.
LTI model
When non-linearities of appliance loads are neglected, impedance appliances loads do not vary and the noise is considered stationary, the indoor power line can be considered to be an LTI system. For example, this assumption has been used in [18] . The LTI model is considered due to its simplicity. The LTI model can be preferable under several conditions, for example when the channel variation is not very important or the PLC is not capable of adapting to time variations.
The modelling of an entire power line network is difficult due to a large number of electrical appliances (even with the same features, but from different manufacturer). The measurement results in [23] showed the basic features of these appliances loads, in particular impedance is in most cases frequency-selective and shows resonant circuit shape. This assumption is proven by our measurement using the Bode 100 analyser. The results of impedance measurements are shown in Fig.1 . 
EXPERIMENTAL DISTRIBUTION NETWORK TOPOLOGY
We have designed a distribution bus topology for the simulation issue. The topology structure is defined from averages of characteristic values of a typical structure of indoor PLC networks. The designed distribution topology and characteristic values of typical indoor PLC network were discussed in [24] . The proposal topology with four branches is shown in Fig.2 . and Fig.3 . 
A. Two-port network model
The method for modelling the transfer function of a power line channel uses the chain parameter matrices describing the relation between input and output voltage and current of two-port network (bottom-up model, see chapter 2).
The branches from topology in Fig.3 . were replaced with equivalent impedance. The computation of equivalent impedance is described in [24] . The two-port network model is described in [24] and [25] . The simplified power line is shown in Fig.4 . The entire line is composed of ten cascade matrices A i . The resulting cascade matrix A of entire line (1) is obtained by multiplying cascade matrices A i . By putting particular elements of cascade matrix into (2), the transfer function of power line was obtained.
B. Verification of two-port network power line model on simple experimental topology
This chapter describes a comparison of the model with measurement. The comparison was verified on simple experimental topology with known parameters. The effects of reflection in tap appear in the transfer function (frequency response) in the form of notches with fixed frequency spacing (see Fig.6 .). The first notch occurs where the direct and the reflected waves are shifted exactly a half wavelength against each other, which leads to subtraction. The first frequency f 1 = 47.4 MHz belongs to the first notch, that means we have a period of 21.1 ns. The repetition of notches occurs multiples of first frequency f 1 .
C. Model validation
The most important characteristics of power line channel are attenuation and coherence bandwidth.
The attenuation of channel model is calculated by mean amplitude (in dB) of their frequency response.
Coherence bandwidth is a direct measure of the channel frequency selectivity. The coherence bandwidth is the interval of frequencies in which the normalized autocorrelation function (see (3)) of the channel frequency response is higher than a certain value (usually set to 0.9). Or the coherence bandwidth is bandwidth in which the channel can be considered approximately flat [26] .
INDOOR POWER LINE MODEL BASED ON RANDOM PARAMETERS
A small number of sample models that represent the expected behaviour of typical network are more sufficient and more effective than replicating a multitude of particular power line networks. A possible way to achieve sample models is to generate randomly network topologies with well-chosen distribution parameters, and then solve the channel response by means of two-port network model (see chapter 4.A or [24] ). These aspects are important for the model:
1. Parameters of power line cables. It is necessary to adopt the primary line parameter resistance
and secondary line parameter characteristic impedance Z C and propagation constant γ. These parameters are estimated according to cable characteristic from manufactures or obtained by measurement. 2. Topology layout. The topology of indoor power line network consists of branches (network sections), which are connected to a main path between the transmitter and receiver. Therefore, the parameters that need to be defined are: number of section, their length and relative position. These parameters will be obtained randomly. 3. Device characteristic. Individual branches represent devices (appliances) with the appropriate load impedances. The impedances can be obtained randomly or based on measurement. Based on these aspects, the measurement of transmission parameters of power line cables was performed and the LTI power line generator was proposed.
A. Measurement of power line cable transmission parameters
The measurements were carried out with a HP analyser 4192A, operating in the frequency range 5 Hz -13 MHz. The frequency field investigated was from 10 kHz to 10 MHz according to the EN 50065-1 [27] .
Cables CYKY, CYKYLo, and AYKY of different sizes were examined [29] . For the following modelling the cable CYKY 3x2.5 is considered, because these cables have the widest use in power engineering. . shows the comparison of measured and estimated transmission line parameters for the CYKY 3x2.5 cable. The estimated transmission line parameters are computed according to the [28] for CYKY 3x2.5 cable [29] . From the comparison it is evident that the evaluated cross parameter C' is not dependent on frequency, therefore it is constant in the whole range. The calculation of cross parameter G'(f) is based on the constant cross parameter C'(f), therefore it is often ignored in practice.
The most important transmission parameters that influence transmission over power line are the longitudinal parameters R'(f) and L'(f). The differences between measured and estimated values in Fig.9 . may be caused by inaccurate values of cable parameters. The values of cable parameters are obtained from the manufacturer catalogue. These parameters had only an informative character, therefore did not match reality.
The most important parameters of transmission line are the secondary parameters Z C and γ. The real part of propagation constant γ corresponds to the attenuation constant α. More information about primary and secondary parameters can be found in [30] and [31] .
There are two different approaches to calculating the secondary parameters describing a transmission line. First, measuring the values of primary parameters R'(f), L'(f), C'(f), and G'(f) to obtain the Z C and γ parameters. Second, estimate the Z C and γ parameters, taking into account the geometrical dimensions of the cable [29] . Fig.10 . shows the magnitude of impedance Z C and the attenuation constant α measured and estimated in the frequency range 10 kHz -10 MHz for the CYKY 3x2.5 cable. It can be observed that there is good agreement between measured and estimated values of the Z C and α. A comparison shows that the magnitude characteristic impedance and the attenuation constant are slightly higher for estimated values.
B. LTI power line generator
The LTI generator is based on the two-port network model. The proposed LTI generator contains these four main ideas: 1. The type of cable: In the generator, the cable type can be selected manually or randomly from:
• CYKY diameter 3x1.5 ; 3x2.5 ; 3x4, • CYKYLo diameter 3x1.5 ; 3x2.5, • AYKY diameter 4x6 ; 4x10. Based on cable type selection the primary and secondary parameters of power line cables are calculated. 2. Topology layout: As has been mentioned before, the parameters that need to be defined for topology layout are the number of sections, their length and relative position. Based on [21] , the average values of number of sections, the length of typical indoor PLC network are provided in Table 1 . In the proposed LTI generator, the parameters are chosen randomly with uniform distribution that is leading to random network realization. The random sections are chosen by omitting randomly some of cascade matrix A i from topology in Fig.4 . ] Ω ).
• The third case Z 3 assumes that constant value impedance is connected to every termination.
• The fourth case, frequency selective function, the impedance values can be defined as the impedance of parallel RLC resonant circuit that contains these parameters: R, resistance at resonance; ω 0 resonance angular frequency; Q, quality factor, and it is defined by the equation:
Based on [21] the appropriate values for the frequency selective function are R ϵ (200, 1800) Ω; Q ϵ (5. 25) and ω 0 /2π ϵ (2. 28) MHz.
TRANSFER FUNCTION ANALYSIS AND SIMULATION RESULTS -LTI GENERATOR

A. Simulation results for loads with different impedances
In Fig.11 . the module and phase of the transfer function generated randomly with LTI generator with these randomly generated parameters is shown:
• CYKY diameter 3x2.5.
• Medium topology, number of sections: 7, omitted section 2, 4, 7. 11 , lc 21 , lc 32 , lc 43 , lt 24 [6, 7, 9, 9, 6, 6, 8, 8, 7, 6, 10, 5, 6] , where lt ij -length between T i and C j , lc ij -length between C i and C j (see Fig.2.) . Results for medium topology with 7 sections:
• The average mean attenuation of topology with 7
sections is -23.01 dB.
• Coherence bandwidth set with the 0.9 level according to (3) is 964 kHz. Red waveform in Fig.11 . represents a module frequency response interleaving and it is obtained by attenuation equation:
where a and b parameters are obtained based on the method of least squares. The average attenuation for large topology is -31.74 dB and for small topology only -14.78 dB. Additional bridge taps (large topology) lead to worse channel results. Table 2 . shows the coherence bandwidth set with the 0.9 level according to (3) for all three topologies obtained by LTI generator. 
B. Comparison of all topologies with constant load impedances
C. Simulation results for frequency selective load impedances
In Fig.13 . the module and phase of the transfer function randomly generated with LTI generator with these randomly generated parameters is shown:
• Large topology, number of section: 10.
• Load impedances: RLC resonant circuit (frequency selective function) is shown in Fig.14 Results for large topology with 10 sections:
• The average mean attenuation of topology with 10 sections is -32.54 dB.
• Coherence bandwidth set with the 0.9 level according to (3) is 404.5 kHz. Fig.15 . shows the comparison of transfer functions for all three topologies obtained by the LTI generator.
D. Comparison of all topologies with frequency selective impedances
The average attenuation for large topology is -32.54 dB, for medium topology is -22.30 dB and for small topology only -15.36 dB. Table 3 . shows the coherence bandwidth set with the 0.9 level according to (3) for all three topologies obtained by LTI generator. 
CONCLUSION
The methodology presented can be used to describe the channel transmission behaviour in terms of network physical structure and loading conditions.
The generator created allows generating LTI channel responses. The aim of the LTI power line channel generator is not to exactly reproduce the characteristic of a given power line network, but to obtain an expectable channel response which can be used for testing new transmission techniques. The generator parameters have been proposed according to the network configurations, while different parameter values can be chosen to create channels with different characteristics.
The most important characteristics of an LTI channel are the attenuation and the frequency selection (evaluated by means of coherence bandwidth). In case of constant load impedances, the average attenuation for large topology with four branches was -31.74 dB and for small topology only -14.78 dB. Coherence bandwidth for large topology was 415 kHz and for small topology 1341 kHz. A reduction of the number of bridge taps (small topology) leads to a better channel with lower attenuation.
In case of frequency selective impedances, the average attenuation and coherence bandwidth were the worst for all topologies. The frequency selective impedances lead to the worst channel with higher attenuation.
As the loading conditions change, the channel may experience deep fading conditions that make some subchannels unsuitable for data transmission. Therefore, the proposed generator in this article can be helpful in evaluating the performance of power line channels.
